
Processed by Luminess, 75001 PARIS (FR)

(19)
EP

4 
42

1 
54

2
A

1
*EP004421542A1*

(11) EP 4 421 542 A1
(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
28.08.2024 Bulletin 2024/35

(21) Application number: 23158777.5

(22) Date of filing: 27.02.2023

(51) International Patent Classification (IPC):
G02B 1/02 (2006.01) G02B 3/00 (2006.01)

(52) Cooperative Patent Classification (CPC): 
G02B 3/0012; G02B 1/02; G02B 3/08 

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC ME MK MT NL 
NO PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA
Designated Validation States: 
KH MA MD TN

(71) Applicant: Quantune Technologies GmbH
12489 Berlin (DE)

(72) Inventor: KISCHKAT, Jan
12489 Berlin (DE)

(74) Representative: Schulz Junghans
Patentanwälte PartGmbB
Großbeerenstraße 71
10963 Berlin (DE)

(54) MID-INFRARED REFRACTIVE OPTICAL ELEMENT

(57) The invention relates to a refractive optical ele-
ment (1) having an optical axis (OA), a first lens surface
(11.1), wherein the refractive optical element (1) further
comprises: a substrate (30) having a first side (31) and
a second side (32) opposite the first side (31), a first layer

(10) arranged on the first side (31) of the substrate (30),
wherein the first layer (!0) forms the first lens surface
(11.1) of the refractive optical element (1), wherein in a
wavelength range from 6 mm to 15 mm, the substrate (30)
has a lower absorption coefficient than the first layer (10).
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Description

[0001] The invention relates to a refractive optical el-
ement, particularly a micro-lens or a retro-reflector for a
laser, an array of such refractive optical elements as well
as a method of manufacture for one or more refractive
optical elements.
[0002] Mid-infrared applications in the wavelength
range of 6 mm to 14 mm and longer are important for a
number of reasons ranging from trace gas detection and
biomedical spectroscopy in the fingerprint region of many
molecules to illumination in the thermal range of 8 mm to
12mm or any type of illumination or communication in the
infrared atmospheric window at 8.5 mm to 13 mm.
[0003] Very compact light sources such as the quan-
tum cascade laser (QCL) are becoming widespread, po-
tentially enabling very compact and cost-efficient spec-
trometers or illumination sources for this mid-infrared
wavelength range and resulting in a plethora of devices
with large economic potential. These applications require
a number of specially designed optics such as lenses,
particularly aspheric lenses for collimation and beam
shaping.
[0004] In the art, mid-infrared lenses for the 6.5 mm to
14 mm range are typically made from materials such as
germanium, the chalcogenide glasses, or zinc selenide,
and could be made from any other material that is suffi-
ciently transparent, such as gallium arsenide or indium
phosphide.
[0005] Due to the required spectral transmission prop-
erties for such mid-infrared lenses, these lenses are not
typically made from silicon, because of absorption bands
that render silicon insufficiently transparent. For in-
stance, in the range between 8 mm to 10 mm, silicon has
an absorption band centered at approximately 9 mm that
is due to a multi-phonon absorption for the case of high-
purity float-zone silicon. If cheaper Czochralski silicon is
used, there is an even stronger absorption band centered
at the same position due to silicon-oxygen vibrational
modes. Even in the case of the highest-purity float-zone
silicon, the absorption coefficient in the vicinity of 9 mm
is approximately 1 cm-1, which is insufficient for most
applications that require the light in this wavelength range
to traverse more than one thin lens. Silicon is rendered
even more unsuitable for many mid-infrared applications,
as for purposes of optical stability, thick lenses are ben-
eficial. The term "optical stability" in the context of the
current specification particularly refers to a property or
characteristic resulting in greater alignment and manu-
facturing tolerances.
[0006] For this reason, mid-infrared optics and partic-
ularly mid-infrared lenses are made of the aforemen-
tioned materials such as Ge, ZnSe, GaAs, InP, chalco-
genide glasses and others. For these materials to be
processed and shaped into optics, cast molding process-
es for chalcogenide glasses or diamond turning for Ge,
ZnSe, GaAs, or InP are employed.
[0007] While molding is a fairly cost-efficient process,

diamond turning is not. However, lenses with sizes lower
than approximately 2 mm thickness and/or diameter can-
not be manufactured well with either technique.
[0008] On the other hand, for micro-optics, the shape
of the micro-optics is typically etched into a surface of a
wafer with a photolithographic process known in the art
as ‘proportional deep reactive ion etching’ (proportional
DRIE etching) or only reactive-ion etching (RIE). Well-
known variants of RIE are well-known in the art, such as
Photoresist Reflow Lithography or Nano-imprint Lithog-
raphy. This process results in very accurate shapes even
at very small dimensions. The second great advantage
of DRIE etching is its scalability: large numbers, i.e. thou-
sands of lenses can be produced on a single wafer, re-
ducing the cost per lens dramatically.
[0009] Unfortunately, proportional DRIE etching is only
well-developed for wafers in the silicon or silicon dioxide
material systems due to the general advantage of the
wealth of experience that exists in the silicon industry. In
general, out of these two, particularly only silicon is con-
sidered here further, as silicon dioxide is highly opaque
in the mid-infrared and therefore comparably unsuitable
for refractive optics.
[0010] Thus, the technical dilemma is that while the
most accurate and most cost-efficient production method
for micro-optics is only applicable to silicon, silicon is not
transparent enough in the range with wavelengths be-
tween 8 mm and 11 mm. This problem leads to the fact
that to this day no cost-efficient micro-optics exist for the
mid-infrared wavelength range.
[0011] The object of the present invention is therefore,
to resolve this technical dilemma.
[0012] The object is achieved by the refractive optical
element having the features of claim 1, as well as the
method of manufacture for one or more of such refractive
optical elements.
[0013] Advantageous embodiments are described in
the dependent claims.
[0014] According to a first aspect of the invention, a
refractive optical element, particularly a micro-lens or a
retro-reflector for a laser, has an optical axis, and a first
lens surface configured to provide an optical power to
the refractive optical element. The refractive optical ele-
ment further comprises:

- a substrate having a first, particularly a first planar
side and a second, particularly a second planar side
opposite the first side of the substrate,

- a first layer arranged on the first side of the substrate,
wherein the first layer comprises the first lens surface
of the refractive optical element,

wherein in a wavelength range from 6 mm to 15 mm, par-
ticularly from 8 mm to 10 mm, the substrate has a lower
absorption coefficient than the first layer.
[0015] That is, in said wavelength range, the absorp-
tion coefficient of the substrate is lower than the absorp-
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tion coefficient of the first layer.
[0016] The terms "in the wavelength range" or "in a
wavelength range" are particularly to be understood and
interpreted as "throughout the wavelength range" in the
current specification. This wavelength range ranging
from 6 mm to 15 mm, particularly from 8 mm to 10 mm, is
also referred to as "the mid-infrared wavelength range"
and vice versa in the current specification. It is clear that
the wavelength range refers to the wavelength range as-
sociated to electro-magnetic waves in vacuum The first
layer particularly covers the first side of the substrate with
the first lens surface and may extend with a varying thick-
ness on the first side of the substrate along the optical
axis.
[0017] The first layer is therefore shaped such that it
forms the first lens surface. Particularly, the first layer
therefore comprises the first lens surface as a portion of
the first side of the first layer.
[0018] This allows for using a material for the substrate
that is more transparent in the mid infrared wavelength
range than the material used for the first layer. That is,
the material of the substrate has a lower absorption co-
efficient than the material of the first layer in the mid in-
frared wavelength range.
[0019] The goal of the invention to provide a cost-effi-
cient refractive optical element for mid-infrared applica-
tions is therefore achievable by using a material for the
first layer that can be processed by well-established etch-
ing processes such as proportional DRIE for generating
the first lens surface and thus generating the optical pow-
er of the refractive optical element, particularly wherein
the substrate does in essence not contribute to the optical
power of the refractive optical element, but only to its
(optical) thickness and its mechanical stability. A higher
optical thickness is often desirable, as it allows a more
advantageous trade-off between the curvature of the first
lens surface and the numerical aperture of the refractive
optical element.
[0020] Particularly and advantageously, the first layer
is a first etched layer, as a surface of the first layer, par-
ticularly the first lens surface, has been shaped by means
of an etching process. Etching processes, such as RIE
or proportional DRIE, for manufacturing micro-optics
have been well-established particularly for silicon-based
materials.
[0021] While the transmissive properties of the first lay-
er may not be perfectly suited for the mid infrared wave-
length range, absorption of the refractive optical element
is nonetheless comparably low in the mid infrared wave-
length range, as the first layer may be significantly thinner
than a substrate thickness, such that a contribution to
the absorption of the refractive optical element, which
may be measured over the whole open aperture of the
refractive optical element, is low, particularly less than
50% of the absorption of the refractive optical element,
more particularly less than 30% of the absorption of the
refractive optical element, compared with a homogene-
ous refractive optical element of the same optical thick-

ness made from the first layer material only. The sub-
strate thickness may be measured along the optical axis
of the refractive optical element.
[0022] A thickness of the first layer may be measured
along the optical axis of the refractive optical element.
Particularly, the thickness of the first layer may be the
biggest extend of the first layer along the optical axis,
particularly within the open aperture of the optical ele-
ment. In this context, a first layer that is thinner than the
substrate has a lower thickness than the substrate.
[0023] The first lens surface is particularly a surface of
the refractive optical element, that has a curvature or a
plurality of surface portions that are inclined with respect
to the optical axis of the refractive optical element.
[0024] The first lens surface, particularly the first side
of the first layer may be covered with an anti-reflection
coating on the side facing away from the substrate.
[0025] The first side of the substrate interconnects with
the first layer, wherein the first side of the substrate may
be planar, i.e. the first side extends in a flat, even fashion
along for example two axes, e.g. an x-axis and a y-axis,
of a three-dimensional Cartesian coordinate system,
wherein the optical axis would extend along a z-axis of
the Cartesian coordinate system.
[0026] The smooth first side allows for reducing dete-
riorations of optical wavefronts passing through the re-
fractive optical element along the optical axis. Such de-
teriorations may comprise changing a curvature and/or
altering a phase of the wavefront.
[0027] Particularly, the optical power of the refractive
optical element is provided only by the first lens surface.
Particularly, the substrate does not provide any optical
power to the refractive optical element.
[0028] Similarly, the substrate’s second side may be
smooth in the same way as the first side of the substrate,
i.e. flat, planar and/or even, wherein the second side of
the substrate may form a second surface of the refractive
optical element, particularly in case there is no second
layer arranged on said second side of the substrate.
[0029] The substrate therefore allows for providing a
thick optical element, such as a thick lens, by having a
thickness that is bigger than the thickness of the first lay-
er.
[0030] According to another embodiment of the inven-
tion, the refractive optical element comprises a second
layer arranged on the second side of the substrate along
the optical axis wherein the second layer comprises a
second lens surface of the refractive optical element,
wherein in the wavelength range, the absorption coeffi-
cient of the substrate is lower than the absorption coef-
ficient of the second layer.
[0031] The second lens surface may be arranged op-
posite the first lens surface. It is noted that the first and
the second lens surface may differ in shape and/or ge-
ometry.
[0032] The second layer may be formed, generated
and processed similar or identical to the first layer but on
the second side of the substrate.
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[0033] Therefore, the second layer particularly covers
the second side of the substrate with the second lens
surface and may extend with a varying thickness on the
second side of the substrate along the optical axis.
[0034] The second layer may therefore be shaped
such that it forms the second lens surface. Particularly,
the second layer comprises the second lens surface as
a portion of the second side of the second layer.
[0035] This allows for using a material for the substrate
that is more transparent in the wavelength range than
the material used for the second layer. That is, the ma-
terial of the substrate has a lower absorption coefficient
than the material of the second layer in the wavelength
range.
[0036] The goal of the invention to provide a cost-effi-
cient refractive optical element for mid-infrared applica-
tions is therefore achievable by using a material for the
second layer that can be processed by well-established
etching processes such as proportional RIE or DRIE for
generating the second lens surface and thus generating
the optical power of the refractive optical element, par-
ticularly wherein the substrate does in essence not con-
tribute to the optical power of the refractive optical ele-
ment, but only to its (optical) thickness and its mechanical
stability.
[0037] Particularly and advantageously, the second
layer is a second etched layer, as a surface of the second
layer, particularly the second lens surface, has been
shaped by means of an etching process. Etching proc-
esses, such as RIE or proportional DRIE, for manufac-
turing micro-optics have been well-established particu-
larly for silicon-based materials.
[0038] While the transmissive properties of the second
layer may not be perfectly suited for the wavelength
range, absorption of the refractive optical element is
nonetheless comparably low, as the second layer may
be significantly thinner than the substrate thickness, such
that a contribution to the absorption of the refractive op-
tical element, is low, particularly less than 50% of the
absorption of the refractive optical element, more partic-
ularly less than 30% of the absorption of the refractive
optical element, compared with a homogeneous refrac-
tive optical element of the same optical thickness made
from the first layer material only.
[0039] A thickness of the second layer may be meas-
ured along the optical axis of the refractive optical ele-
ment. Particularly, the thickness of the second layer may
be the biggest extend of the second layer along the op-
tical axis, particularly within the open aperture of the op-
tical element. In this context, a second layer that is thinner
than the substrate has a lower thickness than the sub-
strate.
[0040] The second lens surface is particularly a surface
of the refractive optical element, that has a curvature or
a plurality of surface portions that are inclined with re-
spect to the optical axis of the refractive optical element.
[0041] The second lens surface, particularly the sec-
ond side of the second layer, may be covered with an

anti-reflection coating on the side facing away from the
substrate.
[0042] The second side of the substrate interconnects
with the second layer, wherein the second side of the
substrate may be planar, i.e. the second side extends in
a flat, even fashion along for example two axes, e.g. an
x-axis and a y-axis, of the three-dimensional Cartesian
coordinate system, wherein the optical axis would extend
along a z-axis of the Cartesian coordinate system.
[0043] The smooth second side allows for reducing de-
teriorations of optical wavefronts passing through the re-
fractive optical element along the optical axis. Such de-
teriorations may comprise changing a curvature and/or
altering a phase of the wavefront.
[0044] Particularly, the optical power of the refractive
optical element is provided only by the first and the sec-
ond lens surface. Particularly, the substrate does not pro-
vide any optical power to the refractive optical element.
[0045] The embodiment having a second layer allows
for manufacturing for example double concave or double
convex lenses for mid-infrared applications.
[0046] According to another embodiment of the inven-
tion, the absorption coefficient of the substrate in said
wavelength range is at least twice smaller than the ab-
sorption coefficient of the first layer, and/or wherein in
case the refractive optical element comprises the second
layer, the absorption coefficient of the substrate in the
wavelength range is at least twice smaller than the ab-
sorption coefficient of the second layer.
[0047] This embodiment particularly limits the inven-
tion against devices having different absorption coeffi-
cients but not in the order of magnitude as provided here
and particularly not for the same reasons.
[0048] This embodiment allows for using greatly differ-
ent materials for manufacturing the refractive optical de-
vice, by using materials for the first and/or the second
layer that do not provide as good as transmission prop-
erties as the substrate, but allow for processing with etch-
ing processes, such as RIE or DRIE.
[0049] According to another embodiment of the inven-
tion, the absorption coefficient of the substrate in the
wavelength range is smaller than 2 cm-1, particularly
smaller than 1 cm-1
[0050] According to another embodiment of the inven-
tion, wherein the absorption coefficient of the first layer
in the wavelength range is greater than 0.1 cm-1, partic-
ularly greater than 0.5 cm-1, and/or wherein in case the
refractive optical element comprises the second layer,
the absorption coefficient of the second layer in the wave-
length range is greater than 0.1 cm-1, particularly greater
than 0.5 cm-1.
[0051] According to another embodiment of the inven-
tion, the refractive optical element comprises a first in-
terface formed between the first layer and the first side
of the substrate.
[0052] The first interface may be devoid of a compound
other than compounds present in the first layer and the
substrate.
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[0053] Alternatively, or in addition, the first interface is
devoid of an adhesive and/or an anti-reflection coating.
[0054] According to another embodiment of the inven-
tion, in case the refractive optical element comprises the
second layer, the refractive optical element comprises a
second interface formed between the second layer and
the second side of the substrate. The second interface
may be devoid of a compound other than compounds
present in the second layer and the substrate.
[0055] Alternatively, or in addition, the second inter-
face is devoid of an adhesive and/or an anti-reflection
coating.
[0056] To reduce partial reflections at the first and or
the second interface, typically a coating for optical im-
pedance-matching, e.g. an anti-reflection coating is ar-
ranged at the interface before the first and/or the second
layer are connected with the substrate, e.g. by means of
a bonding process. This however, may technically not be
feasible, as such coating might interfere with wafer bond-
ing techniques that can be used to bond the first and/or
the second layer to the substrate.
[0057] Therefore, the refractive optical element ac-
cording to the invention has no such coatings arranged
between the substrate and the first and/or the second
layer. According to another embodiment of the invention,
the substrate and the first layer are directly connected
with each other, particularly bonded, particularly at the
first interface, and/or wherein in case the refractive opti-
cal element comprises the second layer, the substrate
and the second layer are directly connected with each
other, particularly bonded, particularly at the second in-
terface.
[0058] The direct connection allows for using a well-
established bonding technique to be used for producing
the refractive optical element and thus allows for cost-
efficient manufacturing of the refractive optical element.
[0059] According to another embodiment of the inven-
tion, a refractive index of the first layer and a refractive
index of the substrate differ not more than 0.6, particularly
not more than 0.42, more particularly not more than 0.2,
and/or wherein in case the refractive optical element
comprises the second layer, a refractive index of the sec-
ond layer and a refractive index of the substrate differ
not more than 0.6, particularly not more than 0.4, more
particularly not more than 0.2.
[0060] This embodiment allows to greatly reduce par-
tial reflections at the first and/or at the second interface
of the refractive optical element, as refractive index mis-
matches between the first layer and the substrate respec-
tively the second layer and the substrate are reduced,
and therefore, partial reflections are reduced. This em-
bodiment therefore further advantageously combines
with the first and/or the second interface being devoid of
any coating or adhesive layer by using materials for the
first and/or the second layer and the substrate that have
refractive indices that are sufficiently close to each other.
[0061] According to another embodiment of the inven-
tion, the substrate comprises or consists of one of the

following: Gallium arsenide (CAS-Nr: 1303-00-0), Indium
phosphide (CAS-Nr: 22398-80-7) or Germanium.
[0062] It is understood that the interpretation of the
term "consists" in the context of this embodiment includes
any impurities that are common in optical grade materials
for the refractive optical element.
[0063] According to another embodiment of the inven-
tion, the first layer consists of silicon, silicon dioxide
(CAS-Nr: 7631-86-9), or a mixture thereof, and/or where-
in in case the refractive optical element comprises the
second layer, the second layer consists of silicon, silicon
dioxide, or a mixture thereof.
[0064] The group of materials consisting of silicon, sil-
icon dioxide and/or a mixture thereof, is referred to in the
following as "silicon-based" or "silicon-based materials".
[0065] The use of silicon-based material for the first
and/or the second layer, allows for the use of well-estab-
lished etching techniques, such as RIE or proportional
DRIE, in order to generate the first and/or the second
lens surface. While silicon-based materials do not pro-
vide ideal transmission properties in the mid-infrared
wavelength range, the manufacturing methods available
for silicon-based materials are well-developed and there-
fore allow for cost-efficient manufacturing. This advan-
tage is used by the invention and this embodiment by
combining the silicon-based first and/or the silicon-based
second layer with the substrate, that consists of a differ-
ent material that may not be processed with the well-
established manufacturing methods for silicon, but which
has better transmission properties. The combination
yields a refractive optical element having a significantly
lower absorption than a corresponding refractive optical
element consisting only of silicon-based materials.
[0066] Particularly, a combination of the first layer con-
sisting of the silicon-based material with the substrate
consisting of Gallium arsenide, Indium phosphide or Ger-
manium yields an optical refractive element which optical
properties, are particularly well-adjusted for each other
for use in the wavelength range.
[0067] For example, the difference in the refractive in-
dices between the silicon-based first layer and the sub-
strate consisting of Gallium arsenide, Indium phosphide
or Germanium, may be as low as 0.2 over the wavelength
range, such that partial reflections at the first interface
are greatly reduced.
[0068] The same reasoning applies for the combina-
tion of the silicon-based second layer with the substrate.
[0069] Particularly, the refractive index of silicon nsi is
in the range of 3.4170 to 3.4142 in a wavelength range
from 6.5 mm to 14 mm. A material providing very good
refractive index matching to silicon-based materials is
Gallium arsenide having a refractive index nGaAs of
3.2900 to 3.2470 in the same wavelength range, such
that low partial internal reflections of only 0.036% to
0.065% are to be expected at the first and/or the second
interface.
[0070] A difference of refractive indices (Δn) between
these two materials is never greater than 0.2, which yields
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particularly low partial reflections at the first and/or the
second interface.
[0071] Similarly, Indium phosphide exhibits a refractive
index nInP of 3.0823 to 3.0000 (with a Δn to silicon-based
materials always smaller 0.42) and Germanium exhibits
a refractive index of 4.0081 to 4.0004 (with a Δn to silicon-
based materials always smaller than 0.6) in the wave-
length range. These results in partial internal reflections
of 0.27% to 0.42% and 0.63% to 0.62%, respectively,
which is well acceptable for most applications.
[0072] According to another embodiment of the inven-
tion, a thickness of the substrate along the optical axis
of the refractive optical element is at least 1 to 10 times
bigger than a thickness of the first layer and/or wherein
in case the refractive optical element comprises the sec-
ond layer, the thickness of the substrate along the optical
axis of the refractive optical element is at least one to ten
times bigger than a thickness of the second layer.
[0073] As elaborated previously, the substrate’s thick-
ness may be measured along the optical axis of the re-
fractive optical element in the open aperture of the re-
fractive optical element. The thickness of the substrate
may be represented by an average value of thicknesses
of the substrate measured across the open aperture, a
highest or a lowest value.
[0074] The thickness of the first layer may be meas-
ured along the optical axis of the refractive optical ele-
ment as well. Particularly, the thickness of the first layer
may be the biggest extend of the first layer along the
optical axis, for example measured from the first interface
of the substrate and the first layer to a point of the first
layer that has the biggest distance along the optical axis
to said first interface.
[0075] The thickness of the first layer may be repre-
sented by an average value of thicknesses of the first
layer measured across the open aperture or a portion
thereof, a highest or a lowest value.
[0076] The lower the thickness of the first layer is in
comparison to the substrate thickness, the better the
transmission properties of the refractive optical element.
However, due to processing reasons the first layer may
require to have a minimum thickness in order to be proc-
essed for example by means of an etching method, such
as RIE or DRIE.
[0077] Similarly, the thickness of the second layer may
be measured along the optical axis of the refractive op-
tical element as well. Particularly, the thickness of the
second layer may be the biggest extend of the second
layer along the optical axis, for example measured from
the second interface of the substrate and the second lay-
er to a point of the second layer that has the biggest
distance along the optical axis to said second interface.
[0078] The thickness of the second layer may be rep-
resented by an average value of thicknesses of the first
layer measured across the open aperture or a portion
thereof, a highest or a lowest value.
[0079] The lower the thickness of the second layer is
in comparison to the substrate thickness, the better the

transmission properties of the refractive optical element.
However, due to processing reasons the second layer
may require to have a minimum thickness in order to be
processed for example by means of an etching method,
such as RIE or DRIE.
[0080] According to another embodiment of the inven-
tion, the thickness of the substrate along the optical axis
of the refractive optical element is in the range of 0.1 mm
to 5 mm, particularly in the range of 0.1 mm to 3 mm.
[0081] This embodiment allows for the provision of
thick refractive optical elements with good transmission
properties.
[0082] According to another embodiment of the inven-
tion, a diameter or a side length of the substrate is in the
range of 0.3 mm to 5 mm, particularly in the range of 0.3
mm to 3 mm.
[0083] This embodiment illustrates the capability of the
invention to manufacture refractive optical elements of
particularly small dimensions. Conventional refractive
optical elements for the mid infra-red wavelength range,
e.g. consisting only of one homogeneous material (in-
cluding elemental, compound or alloyed), such as Gal-
lium arsenide, Indium phosphide or Germanium cannot
be manufactured in high numbers and cost efficient in
these dimensions, as no suitable manufacturing process
is available.
[0084] Alternatively, conventional refractive optical el-
ement made from silicon-based materials only are hardly
suitable for mid-infra-red wavelength range applications,
particularly in the vicinity of 9 mm, due to the reduced
transmission properties of silicon in this wavelength
range.
[0085] According to another embodiment of the inven-
tion, the thickness of the first layer of the refractive optical
element is in the range from 0.05 mm to 0.3 mm, and/or
wherein in case the refractive optical element comprises
the second layer, wherein the thickness of the second
layer along the optical axis of the refractive optical ele-
ment is in the range from 0.05 mm to 0.3 mm.
[0086] Particularly, in combination with previous em-
bodiments, this embodiment allows for very small mid-
infra-red wavelength refractive optical elements using sil-
icon-based manufacturing methods.
[0087] According to another embodiment of the inven-
tion, the first lens surface is either a convex or a concave
surface, particularly wherein the first lens surface is com-
pletely formed, particularly comprised, by the first layer,
and/or wherein in case the refractive optical element
comprises the second layer, wherein the second lens
surface is either a convex or a concave surface, partic-
ularly wherein the second lens surface is completely
formed, particularly comprised, by the second layer.
[0088] Particularly, the first and/or the second lens sur-
face has an aspherical shape, so that an aspherical re-
fractive optical element with reduced spherical aberra-
tions is provided. According to another embodiment of
the invention, the first lens surface comprises one, two
or three collapses of the first lens surface configured to
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form a Fresnel-lens surface having one, two or three col-
lapses, and/or wherein in case the refractive optical ele-
ment comprises the second layer, wherein the second
lens surface comprises one, two or three collapses of the
second lens surface configured to form a Fresnel-lens
surface having one, two or three collapses.
[0089] A Fresnel-lens allows for a flatter, i.e. less thick
first layer by collapsing the lens surface concentrically to
the optical axis of the refractive optical element. This
yields the characteristic rough, concentric friction ridge-
like lens surface. Each such ridge or sawtooth-like portion
(when viewed in a cross-sectional view) of such a Fres-
nel-lens surface is referred to as a collapse of the first
lens surface. As one focus of the invention is to provide
micro-optics for mid-infrared applications, typically one,
two or three collapses are sufficient, to reduce the thick-
ness of the first layer. This embodiment therefore, allows
for a particularly thin first layer, while achieving a defined
design optical power of the refractive optical element.
This embodiment is particularly advantageous, in case
the refractive optical element is configured as a retro-
reflector for example in an External-Cavity Quantum-
Cascade Laser. Here, the imaging characteristics are not
as important as providing a stable, i.e. thick, and a low-
absorbing retro-reflector in order to stably maintain a gain
of the amplified light. According to another embodiment
of the invention, the refractive optical element is a lens.
In this embodiment, the refractive optical element does
not comprise any reflection-coated or highly reflective
surfaces;
[0090] The lens may comprise a functional coating or
functional layer on the first lens surface. Further, in case
the lens is devoid of the second layer, the second side
of the substrate might be coated with a functional coating
or a functional layer.
[0091] In case the lens is comprises a second layer,
the second lens surface might be coated with a functional
coating or a functional layer.
[0092] The functional coating or functional layer may
comprise an anti-reflection layer or an anti-reflection
coating. In addition, or alternatively, the functional coat-
ing or functional layer may comprise a protective layer
that is configured to protect the first and/or the second
lens surface or the second side of the substrate from
dust, scratches or other environmental influences that
may lead to a deterioration of the first and/or the second
lens surface or the second side of the substrate.
[0093] According to an another embodiment, the first
and/or the second lens surface or the second side of the
substrate are devoid of a reflection coating (highly reflec-
tive or anti-reflective), particularly in case the refractive
optical element comprises the second layer, wherein the
first and/or the second lens surface are the only surfaces
of the lens providing an optical power to the lens, and
particularly wherein in case the refractive optical element
does not comprise the second layer, only the first lens
surface provides an optical power to the lens.
[0094] According to another embodiment of the inven-

tion, the refractive optical element is a retro-reflector,
wherein the second side of the substrate comprises a
reflective layer forming a reflective surface.
[0095] The term "reflective surface" particularly refers
to a reflectivity greater or equal to 50%, particularly great-
er than 80% in the wavelength range.
[0096] More particularly, the reflective surface is
smooth, such that a specular reflection regime is
achieved.
[0097] The first lens surface of the retro-reflector par-
ticularly has convex optical properties, i.e. the first lens
surface may be formed as a convex surface or the lens
surface is structured such that convex optical properties
are achieved, e.g. by forming corresponding Fresnel col-
lapses.
[0098] According to another embodiment of the inven-
tion, the first and/or the second lens surface or the first
lens surface and/or the second surface of the substrate
comprise(s) an anti-reflection or a reflective layer, such
as a reflection coating.
[0099] The reflective layer may comprise silver, gold,
or aluminium.
[0100] According to a further aspect of the invention,
an array of refractive optical elements is disclosed,
wherein the array comprises a plurality of the refractive
optical elements according to the first aspect of the in-
vention.
[0101] The substrates of the plurality of refractive op-
tical elements of the array are formed as a single, par-
ticularly a continuous and integrally formed substrate
piece.
[0102] The first layers of the plurality of refractive op-
tical elements of the array are formed as a single, par-
ticularly a continuous and integrally formed first layer
piece.
[0103] In case the refractive optical elements comprise
the second layers, the second layers of the plurality of
refractive optical elements of the array are formed as a
single, particularly a continuous and integrally formed
second layer piece.
[0104] This aspect discloses an interconnected array
of refractive optical elements having the same advantag-
es as laid out in previous paragraphs and furthermore,
combines the power of parallel production of a plurality
of refractive optical elements for cost-efficient manufac-
turing. The refractive optical elements are all formed on
the same substrate piece, the same first layer piece
and/or the same second layer piece. Additional functional
layers or reflection layers may extend continuously and
integrally formed over the complete array.
[0105] The plurality of refractive optical elements may
comprise more than 100, particularly more than 1,000,
more particularly more than 10,000 refractive optical el-
ements. The array is an embodiment of the capability of
mass-producing the refractive optical element by con-
ventional manufacturing methods, particularly etching
methods specifically developed for silicon-based mate-
rials. The refractive optical elements may form single mi-
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cro-optics or a combined faceted refractive optical ele-
ment. In the latter case, particularly the first and/or the
second lens surfaces may adopt different shapes for dif-
ferent refractive elements in the array.
[0106] According to another embodiment of the inven-
tion, the first layer piece is a first wafer of which a surface
has been processed to form the first lens surfaces of the
plurality of refractive optical elements, and wherein the
substrate piece is a second wafer, and/or wherein in case
the refractive optical elements comprise the second lay-
ers, the second layer piece is a third wafer of which a
surface has been processed to form the second lens sur-
faces of the plurality of refractive optical elements.
[0107] This embodiment illustrates and harvests the
power of cost-efficient production by using conventional
wafers, particularly wherein a surface of the first wafer is
processed for example by proportional DRIE, in order to
form the first lens surfaces.
[0108] This allows particularly cost-efficient produc-
tion.
[0109] Similarly, in case the array comprises a second
layer piece, particularly a surface of the third wafer is
processed for example by proportional DRIE, in order to
form the second lens surfaces.
[0110] According to another embodiment of the inven-
tion, the first lens surface is an etched surface of the first
layer piece.
[0111] According to another embodiment of the inven-
tion, the second lens surface is an etched surface of the
second layer piece.
[0112] According to a third aspect of the invention, a
method of manufacturing for one or more of the refractive
optical elements according to the invention or the array
with a plurality of the refractive optical elements accord-
ing to the invention is disclosed. The method comprises
the steps of:

- Providing a first wafer consisting of the material of
the first layer of the refractive optical element, the
first wafer having a first side and a second side op-
posite the first side,

- Providing a second wafer consisting of the material
of the substrate of the refractive optical element, the
second wafer having a first and a second side;

- Bonding the first wafer with its second side to the
first side of the second wafer, such that the first and
the second wafer are fixedly attached to each other,
particularly forming the first interface of the refractive
optical element;

- Applying a reactive-ion etching (RIE) method, par-
ticularly a deep reactive-ion etching method (DRIE)
to the first side of the first wafer, such that a plurality
of first lens surfaces is etched from the first side of
the first wafer so as to form the plurality of refractive
elements of the array.

[0113] Providing a first wafer, a second wafer and third
wafer for example comprises the notion of holding ready
and/or acquiring.
[0114] The second side of the first wafer may be
smooth and flat, planar and/or even. Similarly, the first
side, particularly a surface, of the second wafer may be
smooth and flat, planar and/or even.
[0115] It is noted that the order of the steps, particularly
with regard to the bonding step and the application of an
etching method, e.g. RIE or DRIE (also referred to as
etching step on the context of the current specification),
may be interchanged. For example, the first wafer may
be processed by the RIE method before or simultaneous
to bonding the first wafer with the second wafer.
[0116] Prior to bonding, cleaning, polishing and/or ac-
tivating the second side of the first wafer and the first side
of the second wafer can be executed. These steps may
also be comprised in the bonding step.
[0117] Activation may be facilitated by chemicals
and/or plasma treatment.
[0118] The method allows for cost-efficient manufac-
turing of micro-optics, such as micro-lenses or micro-ret-
ro-reflectors for the mid-infrared wavelength range, as
the second wafer may consist of a material that has a
lower absorption coefficient than the material of which
the first wafer consists of.
[0119] Particularly, the first wafer may consist of a sil-
icon-based material as defined in a previous paragraph.
In addition, the second wafer may consist of a material
that has a lower absorption coefficient than silicon-based
material in the mid-infrared wavelength range, such as
Gallium arsenide, Indium phosphide or Germanium.
[0120] The method advantageously allows to cost-ef-
ficiently manufacture in large numbers high quality micro-
optical refractive optical elements for mid-infrared wave-
length range applications, by using the different wafer
materials, and processing techniques well-established
by the silicon-processing industry.
[0121] It is noted that the definitions, embodiments and
features disclosed for the refractive optical device and/or
the array are applicable to the method and vice versa.
For example, materials, a geometry, refractive indices
and/or dimensions of the refractive optical element or its
components, particularly with regard to its thickness of
the layers or a lateral extent, may be incorporated as
features in the embodiments disclosed for the method.
[0122] Similarly, the first layer, particularly the first lens
surface may be a RIE or DRIE processed or formed sur-
face.
[0123] According to another embodiment of the inven-
tion, the method further comprises the steps of:

- Providing, e.g. holding ready and/or acquiring, a third
wafer consisting of the material of the second layer
of the refractive optical element, the third wafer hav-
ing a first side and a second side opposite the first
side,
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- Bonding the third wafer with its first side to the second
side of the second wafer, such that the third and the
second wafer are fixedly attached to each other, par-
ticularly forming the second interface of the refractive
optical element;

- Applying the reactive-ion etching (RIE) method, par-
ticularly the DRIE method, to the second surface of
the third wafer, such that a plurality of second lens
surfaces is etched from the second side of the third
wafer so as to form the plurality of refractive elements
of the array, particularly wherein the first and the sec-
ond lens surfaces coincide along the optical axes of
the refractive optical elements.

[0124] The first side of the third wafer may be smooth
and flat, planar and/or even, such that bonding the third
waver with the second wafer is readily achievable.
[0125] Also. in this embodiment, the bonding step may
precede or may come after the etching step. Further, the
order in which the first wafer, the second wafer and the
third wafer a bonded and etched is freely interchangea-
ble. The claims are not intended to set or specify any
particular order but to solely list the steps necessary for
manufacturing the refractive optical element or the array.
[0126] Prior to bonding, cleaning, polishing and/or ac-
tivating the first side of the third wafer and the second
side of the second wafer can be executed. These steps
may also be comprised in the bonding step.
[0127] This embodiment allows for manufacturing mi-
cro-lenses that have two lens surfaces providing optical
power to the lens, such as two curved surfaces or two
Fresnel surfaces or one curved and one Fresnel surface
for mid-infrared wavelength applications.
[0128] According to another embodiment of the inven-
tion, in case an array is manufactured, after executing
the RI E-method to the first wafer and/or the third wafer,
the array is cut into single refractive optical elements.
This step is also referred to as dicing in the art. According
to another embodiment of the invention, the bonding step
between the first wafer and the second wafer and/or be-
tween the third wafer and the second wafer is selected
from one of the following: direct bonding, surface activat-
ed bonding, or plasma-activated bonding.
[0129] According to another embodiment of the inven-
tion, before cutting the array, the first lens surfaces are
coated with a functional layer, such as an anti-reflection
or a protective coating, and/or wherein in case the array
is devoid of the third wafer, the second side of the second
wafer is coated w a functional layer such as an anti-re-
flection, or a reflective layer, wherein in case the array
comprises a third wafer, the second side of the third wafer
may be coated with a functional layer, such as an anti-
reflection.
[0130] According to a fourth aspect of the invention,
an optical device, such as a laser, particularly an external
cavity quantum cascade laser, comprising one or more
refractive optical elements according to the invention is

disclosed.
[0131] A first refractive optical element may be a retro-
reflector. A second refractive optical element may be a
lens.
[0132] According to another embodiment of the inven-
tion, the optical device is an external cavity quantum cas-
cade laser and the refractive optical element is formed
as a retro-reflector, particularly arranged in a cavity of
the quantum cascade laser.
[0133] Particularly, exemplary embodiments are de-
scribed below in conjunction with the Figures. The Fig-
ures are appended to the claims and are accompanied
by text explaining individual features of the shown em-
bodiments and aspects of the present invention. Each
individual feature shown in the Figures and/or mentioned
in said text of the Figures may be incorporated (also in
an isolated fashion) into a claim relating to the device
according to the present invention.

Fig. 1 shows a schematic cross-section through a re-
fractive optical element;

Fig. 2 shows a refractive optical element having sec-
ond layer;

Fig. 3 shows a schematic view of a refractive optical
element having a Fresnel-lens first lens surface

Fig. 4 shows a schematic view of an array comprising
a plurality of refractive optical elements;

[0134] In Fig. 1 a schematic cross-section of a refrac-
tive optical element 1 according to the invention is shown.
The cross-section extends along a lateral axis, e.g. an
x- or y-direction of a Cartesian coordinate system, and a
direction along an optical axis, e.g. a z-direction of the
Cartesian coordinate system.
[0135] The refractive optical element 1 consists of a
substrate 30 and a first layer 10. The first layer 10 is
arranged on the substrate 30 along the optical axis OA.
[0136] The substrate 30 has two opposing sides 31,
32 that are oriented parallel to each other and orthogonal
to the optical axis OA. The substrate may be formed as
a cylinder, cuboid or a cube comprising the first and the
second side 31, 32. The substrate may have a diameter
D30 or a side length D30 of the cuboid in the range of
0.3 mm to 5 mm. Between the substrate 30, particularly
between the first side 31 of the substrate 30 and the first
layer 10, particularly a second side 12 of the first layer
10, a first interface I1 is formed. The first interface I1 is
devoid of any functional coating or an adhesive layer.
The interface I1 and thus the first side 31 of the substrate
30 as well as the second side 12 of the first layer 10 are
smooth and even and extend planar along the lateral
direction, i.e. along the x- and a y-direction of the Carte-
sian coordinate system. A diameter or side length of the
first layer 10 (and the second layer 20) may be the same
as the one D30 of the substrate 30.
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[0137] This way, the substrate 30 and the first layer 10
may be bonded well together by means of a bonding
process.
[0138] The substrate 30 has a thickness d30 along the
optical axis OA that is several times greater than a thick-
ness d10 of the first layer 10 along the optical axis OA.
The thickness d10 of the first layer 10 may be measured
from the first interface I1 to a greatest extension of the
first layer 10 away from the interface I1 along the optical
axis OA.
[0139] The first layer 10 consists of a silicon-based ma-
terial, wherein such a material particularly is selected
from the group consisting of: silicon or silicon-dioxide or
mixture thereof.
[0140] Silicon comes in various qualities. For example,
the silicon for the first layer 10 may be obtained by a
Czochralski pulling technique and contains some oxygen
which causes an increased absorption coefficient at 9
mm.
[0141] In order to reduce this absorption band, a float-
zone technique may be applied. Further, optical-grade
silicon may be doped for improved transmission above
10 mm. The dopant may be Boron or Phosphorus, but
also nitrogen may be added. Therefore, the term ’silicon-
based’ in the context of the current specification is to be
interpreted in the light of the various degrees of purity
and particularly including a voluntary doping of the silicon
in order to obtain and tune the absorption bands of silicon
in the wavelength range, i.e. the term ’silicon-based’ may
explicitly comprise silicon that is obtained using the Czo-
chralski technique or the float-zone technique, including
the voluntary addition of for example nitrogen or other
useful dopants.
[0142] The substrate 30 may consist of Gallium arse-
nide, Indium phosphide or Germanium. These materials
provide excellent transmission properties in the mid-in-
frared wavelength range and have a refractive index
close to silicon, such that partial reflections at the first
interface I1 due to the refractive index mismatch are re-
duced.
[0143] While for silicon various etching techniques
have been put to work for large scale manufacturing, for
Gallium arsenide, Indium phosphide or Germanium
these techniques are not well-established and therefore
a first layer 10 consisting of one of these materials would
not have accesses to the common etching techniques,
increasing the costs of manufacturing significantly, as for
example techniques like cast molding or diamond turning
are much more expensive, and not suitable for producing
a plurality of refractive optical elements in parallel. Par-
ticularly cast molding is not configured to manufacture
micro-optical elements.
[0144] The inventive refractive optical element 1, al-
lows for using the silicon processing techniques for man-
ufacturing refractive optical elements 1 configured for
mid-infrared wavelength range applications, while main-
taining a high degree of transmission for these elements.
[0145] The refractive optical element 1 of Fig. 1 is a

micro-collimating lens for mid-infrared wavelength appli-
cations. For this purpose, the first layer 10 has a convex-
shaped first surface portion 11.1 comprised by the first
side 11 opposite the second side 12 of the first layer 10,
that is, the first side 11 comprises the first lens surface
11.1.
[0146] Further the first side 11 of the first layer 10, com-
prises a portion that defines an open aperture AP of the
refractive optical element 1. The open aperture AP par-
ticularly is the portion of the first layer 10 which comprises
the lens surface 11.1. In addition to the open aperture
AP, the first layer 10 for example comprises a rim portion
RP on its first side 11 that is not comprised by the lens
surface 11.1 and that is not part of the open aperture AP.
[0147] The first side 11 of the first layer 10 may be
processed by a reactive-ion etching method, such a pro-
portional deep reactive ion etching (DRIE).
[0148] The substrate 30 has a second side 32 opposite
the first side 31 of the substrate 30 that faces away from
the first interface 11. The second side 32 of the substrate
30 is planar. The second side 32 of the substrate 30 in
this case forms the second lens surface of the lens.
Therefore, the lens is formed as a plano-convex lens.
The lens is shaped as a thick lens and therefore provides
an increased robustness and improved tolerances for
aligning the lens in micro-optical applications.
[0149] The first lens surface 11.1 may be shaped as-
pherical, such that an aspheric lens is obtained. Aspheric
lenses are particularly well-suited for collimating mono-
chromatic light, such as monochromatic laser light, as
spherical aberrations are greatly reduced. However, oth-
er lens surface shapes are possible.
[0150] The first lens 11.1 surface may be coated with
a functional layer (not shown) to reduce partial reflections
at the lens surface. Similarly, the second lens surface
may be coated with a functional layer (not shown).
[0151] Fig. 2 schematically shows an embodiment of
the invention, in which the refractive optical element 1 in
addition to the first layer 10 and the substrate 30 com-
prises a second layer 20 that is formed from a silicon-
based material. The second layer 20 has a first side 21
that is connected by bonding with the second side 32 of
the substrate 30 forming a second interface I2. The sec-
ond layer 20 comprises a second side 22 that comprises
the second lens surface 22.1. The second lens surface
22.1 in the example of Fig. 2 is convex like the first lens
surface 11.1, such that a thick double-convex micro-lens
with high mid-infrared wavelength range transmission is
formed. The second layer 20 may be processed as well
with a DRIE method.
[0152] Also, here, like the first layer 10, the second
layer 20 is several times thinner than the substrate 30,
i.e. a thickness d20 measured analogously to the thick-
ness d10 of the first layer 10, of the second layer 20 is
several times smaller than the thickness d30 of the sub-
strate 30. Particularly, the thickness d10, d20 of the first
and/or the second layer 10, 20 may be five to ten times
smaller than the thickness d30 of the substrate 30. For
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alternative embodiments in which for example the first
layer 10 comprises a concave lens surface 11.1, the
thickness d10 of the first layer 10 may be measured from
the first interface I1 to the lowest point (on the optical
axis) or the point(s) of the concave lens surface 11.1 on
the open aperture AP of the lens that are farthest away
from the first interface 11.
[0153] Fig. 3 shows an exemplary refractive optical el-
ement 1 having a first layer 10 that comprises a first lens
surface 11.1 that forms a Fresnel-like surface, i.e. the
first lens surface 11.1 comprises two collapses 11.2 (note
that the collapses run concentrically around the optical
axis OA and are therefore twice visible in the cross-sec-
tion). This allows for using an even thinner first layer 10
therefore increasing transmission while maintaining an
intended optical power of the refractive optical element 1.
[0154] Fig. 4 schematically depicts an array (along the
x-y-direction) of refractive optical elements 1 according
to the invention. Each circle indicates one refractive op-
tical element 1, so that hundreds of refractive optical el-
ements 1 are arranged in the array 100 along rows and
columns.
[0155] The array 100 consists of a continuously formed
substrate piece (not shown) that forms the plurality of
substrates of the refractive optical elements 1. The sub-
strate piece may be a wafer. Similarly, the array 100 com-
prises a continuously formed first layer piece that com-
prises the first layers of the refractive optical elements.
The first layer piece may be a silicon wafer, which has
been processed by an etching method to form the plu-
rality of first lens surfaces (depicted as circles). The wafer
of the substrate piece and the wafer of the first layer are
bonded together, either before the first layer piece has
been etched or afterwards.
[0156] Using conventional wafers allows for manufac-
turing a plurality of refractive optical element in large num-
bers.
[0157] The array 100 may be diced into single refrac-
tive optical elements 1.

Claims

1. A refractive optical element (1), particularly a micro-
lens or a retro-reflector for a laser, wherein the re-
fractive optical element (1) has an optical axis (OA),
and a first lens surface (11.1), wherein the refractive
optical element (1) further comprises:

- a substrate (30) having a first side (31) and a
second side (32) opposite the first side (31),
- a first layer (10) arranged on the first side (31)
of the substrate (30), wherein the first layer (10)
comprises the first lens surface (11.1) of the re-
fractive optical element (1),

wherein in a wavelength range from 6 mm to 15 mm,
the substrate (30) has a lower absorption coefficient

than the first layer (10).

2. The refractive optical element (1) according to claim
1, wherein the refractive optical element (1) compris-
es a second layer (20) arranged on the second side
(32) of the substrate (30), wherein the second layer
(20) comprises a second lens surface (22) of the
refractive optical element (1), wherein in the wave-
length range, the substrate (30) has a lower absorp-
tion coefficient than the second layer (20).

3. The refractive optical element (1) according to claim
1 or 2, wherein the absorption coefficient of the sub-
strate (30) in said wavelength range is at least twice
smaller than the absorption coefficient of the first lay-
er (10), and/or wherein in case the refractive optical
element (1) comprises the second layer (20), the ab-
sorption coefficient of the substrate (30) in said
wavelength range is at least twice smaller than the
absorption coefficient of second layer (20).

4. The refractive optical element (1) according to any
of the preceding claims, wherein a refractive index
of the first layer (10) and a refractive index of the
substrate (30) differ not more than 0.6, particularly
not more than 0.42, more particularly not more than
0.2, and/or wherein in case the refractive optical el-
ement (1) comprises the second layer (20), a refrac-
tive index of the second layer (20) and a refractive
index of the substrate (30) differ not more than 0.6,
particularly not more than 0.42, more particularly not
more than 0.2.

5. The refractive optical element (1) according to any
of the preceding claims, wherein a chemical element
the substrate (30) is made of is selected from the
group consisting of one of the following: Gallium ar-
senide, Indium phosphide or Germanium.

6. The refractive optical element (1) according to any
of the preceding claims, wherein a chemical com-
pound the first layer (10) is made of is selected from
the group consisting of silicon, silicon dioxide, or a
mixture thereof, and/or wherein in case the refractive
optical element (1) comprises the second layer (20),
a chemical compound the second layer (20) is made
of is selected from the group consisting of silicon,
silicon dioxide, or a mixture thereof.

7. The refractive optical element (1) according to any
of the preceding claims, wherein a thickness (d10) of
the first layer (10) is in the range from 0.05 mm to
0.3 mm, and/or wherein in case the refractive optical
element (1) comprises the second layer (20), where-
in a thickness (d20) of the second layer (20) is in the
range from 0.05 mm to 0.3 mm.

8. The refractive optical element (1) according to any
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of the preceding claims, wherein the first lens surface
(11.1) is either a convex or a concave surface, par-
ticularly wherein the first lens surface (11.1) is com-
prised by the first layer (10), and/or wherein in case
the refractive optical element (1) comprises the sec-
ond layer (20), the second lens surface (22.1) is ei-
ther a convex or a concave surface, particularly
wherein the second lens surface (22.1) is comprised
by the second layer (20).

9. The refractive optical element (1) according to any
of the preceding claims, wherein the first lens surface
(10) comprises one, two or three collapses (11.2) of
the first lens surface (11.1) configured to form a Fres-
nel-lens surface having one, two or three collapses
(11.2), and/or wherein in case the refractive optical
element (1) comprises the second layer (20) , where-
in the second lens surface (20) comprises one, two
or three collapses of the second lens surface (22.1)
configured to form a Fresnel-lens surface having
one, two or three collapses.

10. The refractive optical element (1) according to any
of the preceding claims, wherein the refractive opti-
cal element (1) is a retro-reflector, wherein the sec-
ond side (32) of the substrate (30) comprises a re-
flective layer forming a reflective surface.

11. An array (100) of refractive optical elements (1) com-
prising a plurality of the refractive optical elements
(1) according to any of the preceding claims, wherein
the substrates (30) of the plurality of refractive optical
elements (1) of the array (100) are formed as a single
substrate piece and wherein the first layers (10) of
the plurality of refractive optical elements (1) of the
array (100) are formed as a single first layer piece,
and/or wherein in case the refractive optical ele-
ments (1) comprise the second layers (20), the sec-
ond layers (20) of the plurality of refractive optical
elements (1) of the array (100) are formed as a single
second layer piece.

12. The array (100) according to claim 11, wherein the
first layer piece is a first wafer which surface has
been processed to form the first lens surfaces (11.1)
of the plurality of refractive optical elements (1), and
wherein the substrate piece is a second wafer,
and/or wherein in case the refractive optical ele-
ments (1) comprise the second layers (20), the sec-
ond layer piece is a third wafer which surface has
been processed to form the second lens surfaces
(22.1) of the plurality of refractive optical elements
(1).

13. A method of manufacturing one or more of the re-
fractive optical elements (1) according to any of
claims 1 to 10 or the array (100) with a plurality of
the refractive optical elements (1) according to any

of the claims 11 to 12, the method comprising the
steps of:

- Providing a first wafer consisting of the material
of the first layer (10) of the refractive optical el-
ement (1), the first wafer having a first side and
a second side opposite the first side,
- Providing a second wafer consisting of the ma-
terial of the substrate of the refractive optical el-
ement (1), the second wafer having a first and
a second side;
- Bonding the first wafer with its second side to
the first side of the second wafer, such that the
first and the second wafer are fixedly attached
to each other, particularly forming the first inter-
face (I1) of the refractive optical element (1);
- Applying a reactive-ion etching (RIE) method
to the first side of the first wafer, such that a
plurality of first lens surfaces (11) is etched from
the first side of the first wafer so as to form the
plurality of refractive elements of the array (100),
wherein the bonding step may precede or may
come after the reactive-ion etching.

14. The method according to claim 13, further compris-
ing the steps of:

- Providing a third wafer consisting of the mate-
rial of the second layer (20) of the refractive op-
tical element (1), the third wafer having a first
side and a second side opposite the first side,
- Bonding the third wafer with its first side to the
second side of the second wafer, such that the
third and the second wafer are fixedly attached
to each other, particularly forming the second
interface (I2) of the refractive optical element (1);
- Applying the reactive-ion etching (RIE) method
to the second surface of the third wafer, such
that a plurality of second lens surfaces (22.1) is
etched from the second side of the third wafer
so as to form the plurality of refractive elements
(1) of the array, particularly wherein the first and
the second lens surfaces (11.1, 22.1) coincide
along the optical axes (OA) of the refractive op-
tical elements (1), wherein the bonding step may
precede or may come after the reactive-ion etch-
ing.

15. An external cavity quantum cascade laser compris-
ing the refractive optical element (1) according to
one of the claims 1 to 10, wherein the refractive op-
tical element (1) is formed as a retro-reflector.
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